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Abstract

The new level 3 aerosol profile data derived from the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) provide multi-year global
aerosol distribution with high vertical resolution. We analyzed seasonal and diurnal
variations of the vertical distributions of aerosol properties represented by this
CALIPSO data for the period of five years. Results show that dust, smoke and
polluted dust are the most frequently detected aerosol types during all seasons. Dust is
the dominant type, especially in the middle-upper troposphere, over most areas during
boreal spring and summer; while smoke and polluted dust tend to dominate during
biomass burning seasons. The seasonal variations of dust layer top height and dust
contribution to all-aerosol extinction are positively correlated with the seasonal
variation of dust occurrence frequency. Southeast Asia has the least seasonal variation
of aerosol properties. The seasonal cycle of aerosol properties over West Australia is
similar to that over biomass burning regime areas, despite of its desert regime. In
general, smoke is detected more frequently from lower to middle troposphere; clean
marine and polluted continental (polluted dust) aerosols are detected more (less)
frequently in the lower troposphere, during nighttime than daytime. The all-aerosol
extinction is generally larger and aerosol layer top is detected at high altitudes more
frequently during nighttime than daytime. The diurnal changes of aerosol properties
are similar within the same aerosol emission regime. Dust extinction shows little

diurnal variation except when dust is the dominant aerosol type.
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1. Introduction

Aerosols play a number of important roles in modern climate change and
atmospheric composition. Aerosols exert a strong influence on the atmospheric energy
budget and therefore climate, primarily through two mechanisms: a radiative (direct)
effect and a microphysical (indirect) effect. The aerosol radiative effect is associated
with the scattering and absorption of solar radiation [e.g., Charlson et al., 1992].
Scattering acts to cool the air, while absorption acts to warm it. Absorbing aerosols,
such as black carbon and mineral dust, can cause substantial diabatic heating in the
atmosphere, which can enhance cloud evaporation or inhibit cloud formation [e.g.,
Ackerman et al., 2000; Koren et al., 2004]. The aerosol microphysical effect is
associated with aerosols serving as cloud condensation nuclei and ice nuclei [Twomey,
1977], which can modify the size distribution of cloud droplets and ice particles.
These modifications affect internal cloud microphysics, cloud radiative properties and
precipitation efficiency, and, by extension, the atmospheric hydrological cycle and
energy balance [e.g., Jiang and Feingold, 2006; Jiang et al., 2008]. Both the radiative
and microphysical effects of aerosols can have complicated impacts on weather and
climate systems [e.g., Koren et al., 2008]. Taken together with incomplete knowledge
of the physical and chemical properties of aerosols and their spatial and temporal
distribution, these aerosol effects represent major sources of uncertainty in both the
attribution of past climate changes and the prediction of future climate changes [IPCC,
2007]. The IPCC AR4 estimates of the aerosol direct radiative forcing on climate are

largely based on climate model simulations partly due to the fact that aerosol
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observations were inadequate and had large uncertainties. Evaluating and
characterizing aerosol impact on climate requires high-resolution (both horizontally
and vertically) and long-term continuous observations of aerosols, which have large
temporal and spatial variations.

The vertical variability of aerosols in the atmosphere has been less well studied
than the horizontal variability, largely because it is more difficult to sample aloft than
from a ground-based platform. However, the vertical profiles of aerosol played an
important role in determining aerosol radiative forcing. For example, Haywood and
Ramaswamy [1998] argued that the vertical distribution of aerosols is important in
determining the magnitude and sign of aerosol direct radiative forcing. More recently,
Rozwadowska [2007] found that errors in the assumptions about the shape of aerosol
profiles can cause errors in satellite retrieval of aerosol optical thickness. Meanwhile,
many previous analyses of aerosol vertical distributions were confined to small spatial
scales with focus on a specific city or region due to coverage limitations [e.g., Li et al.,
1997; Osborne and Haywood, 2005; Hains et al., 2008]. Aircraft missions are still
used today to collect aerosol samples and measure aerosol size distributions [Kaufman
et al., 2003; Shinozuka et al., 2007; P F Liu et al., 2009] and ground-based lidar [e.g.,
Chazette, 2003; Matthias et al., 2004; Huang et al., 2010] are still necessary to
examine vertical profiles of aerosol extinction as most satellite data are restricted to
column values or averages. However, due to continued advancement of remote
sensing technology, new tools are becoming available to study aerosol profiles.

The new aerosol profile data derived from the Cloud-Aerosol Lidar and Infrared
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Pathfinder Satellite Observations (CALIPSO) provide an opportunity to assess model
simulations of aerosol vertical distributions on global and annual scales. Since the
launch of CALIPSO, various methods have been employed to use the data. For
example, the CALIPSO data has been used in concert with model simulations and
other satellite instruments to evaluate aerosol vertical distribution [Huang et al., 2009;
Bou Karam et al., 2010; Yu et al., 2010], validate model simulations [Generoso et al.,
2008], and assimilate observations into models to correct for non-homogeneous
background error statistics [Sekiyama et al., 2010]. Yu et al. [2010] examined seasonal
variations of aerosol vertical distribution through an analysis of 18-month CALIPSO
data and compared with model aerosol simulations as well as aerosol optical depth
(AOD) measurements from the Moderate Resolution Imaging Spectroradiometer
(MODIS). However, their work mainly focused on comparisons between satellite
observations and model simulations of aerosol optical property, and did not include
aerosol type distribution and diurnal variations of aerosol properties. Despite the
previous efforts to evaluate aerosol vertical distributions, a lack of assessment of
global and climatological, as well as diurnal variation of aerosol vertical distributions,
still exists.

Given the current need of a better understanding of variation of vertical aerosol
distribution and structure in order to quantify aerosol effects on climate and the
hydrological cycle through model simulation, this study aims to: (1) analyze
climatological regional and seasonal variations of vertical distribution of aerosol

optical and type properties using 5-year CALIPSO observations, and (2) evaluate
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diurnal variations of vertical distribution of different aerosol properties. The rest of
this paper is organized as follows: a brief description of CALIPSO measurements,
level 3 data information and method we used is given in Section 2. The climatological
seasonal variations of aerosol optical and type profiles, as well as the highest aerosol
layer occurrence frequency in different aerosol regime regions are presented and
discussed in Section 3. Section 4 discusses the diurnal variations of aerosol vertical
distributions. Major findings and conclusions are summarized in Section 5.
2. Datasets

The CALIPSO satellite was launched into a sun-synchronous orbit on April 28,
2006 with a local equator-crossing time of about 1:30 P.M. and 1:30 A.M., with a
16-day repeating cycle. The primary instrument onboard the CALIPSO is the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), which is a dual
wavelength polarization lidar designed to acquire vertical profiles of attenuated
backscatter from a near nadir-viewing geometry during both day and night phases
[Winker et al., 2007]. Since then, it has become one member of the A-Train [L Ecuyer
and Jiang, 2010] satellite constellation and has been collecting almost continuously
high-resolution (333 m in the horizontal and 30 m in the vertical in low and middle
troposphere below 8.3 km) profiles of the attenuated backscatter by aerosols and
clouds at 532 nm and 1064 nm wavelengths along with polarized backscatter at 532
nm between 82°N and 82°S [Winker et al., 2007]. Spatial averaging over different
scales is usually taken to improve the signal-to-noise-ratio (SNR) for reliable aerosol

retrieval.
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The features identified by CALIPSO are first classified into aerosol and cloud
using a cloud-aerosol discrimination (CAD) algorithm [Z Y Liu et al., 2009]. The level
of confidence in the aerosol-cloud classification is reflected by a CAD score, with
negative values (-100-0) for aerosol and positive values (+100-0) for cloud. The
larger absolute value of this score represents the higher confidence of the feature
classification. The CALIPSO feature classification algorithm further categorizes the
aerosol layer to one of six types, namely smoke, polluted continental, polluted dust,
dust, clean continental, and clean marine, with respective extinction-to-backscatter
ratio (or lidar ratio) of 70, 70, 65, 40, 35, and 20 sr at 532 nm [Omar et al., 2009].
More details can be found in recent papers [e.g., Z Y Liu et al., 2009; Omar et al.,
2009; Winker et al., 2009]. Aerosol extinction is retrieved by the Hybrid Extinction
Retrieval Algorithms using the assumed lidar ratios appropriate for each aerosol type
[Young and Vaughan, 2009] and reported in the CALIPSO level 2 5-km aerosol
profile product. The determination of lidar ratio is one of major uncertainties affecting
the uncertainty of CALIPSO aerosol extinction retrieval, and misclassification of
aerosol type is another source of uncertainty [Yu et al., 2010]. One uncertainty in the
aerosol profile retrieval occurs when the base of the aerosol layer is incorrectly
identified (e.g., above the true layer base). To compensate for cases where the aerosol
layer base is identified too high, a “Layer Base Extension” algorithm has been
adopted in CALIOP level 2 version 3 that extends the base of the lowest aerosol layer
in the column to 90 m above the local surface for layers having positive mean

attenuated backscatter 532 nm that are within 2.5 km of the surface. The assumption
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is that boundary layer aerosols are often surface-attached and extending the base
allows the usable signal below the original base to contribute to column AOD,
reducing the low AOD bias. Moreover, if the aerosol attenuated backscatter signal is
below the instrument sensitivity of 2~4 x 10™* km*sr* in the troposphere [Winker et
al., 2009], CALIPSO will miss such features. Since CALIOP is less sensitive during
daytime than nighttime [CALIPSO, 2011], faint features which often occur at high
altitudes may be detected less frequently during daytime. It is important to keep this
fact in mind when interpreting diurnal variations in the occurrence frequency of
aerosol type and layer top altitude.

In this study, we use the recently released CALIPSO lidar level 3 aerosol data,
version 1.0 (data product maturity is “beta”), a globally gridded monthly product
derived from CALIPSO lidar level 2 5-km aerosol profile product version 3.0 [Powell
et al., 2011]. The time period is from March 2007 to February 2012, totally five years.
The primary variables included in this data are vertical profiles of aerosol extinction
coefficient, aerosol type, spatial distribution and AOD. Averaged profile data after
quality screening are reported for all-aerosol (regardless of type) and mineral dust
aerosol, respectively. Because of their better SNR compared to the daytime and 1064
nm measurements [Winker et al., 2006], only CALIPSO nighttime measurements at
532 nm will be used to analyze climatological regional and seasonal variations of
vertical distribution of aerosol optical and type properties. Classification of dust is
based on the aerosol type flags in the level 2 profile product. Each aerosol profile has

a vertical resolution of 60 m, from -0.4 to 12.1 km above mean sea level (AMSL)
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with totally 208 layers [Powell et al., 2011]. The horizontal resolution is 2° latitude x
5° longitude. Depending on the sky condition (combined, i.e., cloud-free + above
cloud, or all-sky) and lighting condition (daytime or nighttime), there are four
different types of level 3 data files. We use all-sky data in this study. The seasonal
vertical profiles of aerosol extinction are calculated based on each domain average,
i.e., the average of all grid cells included within each domain box. Since aerosol
extinction in the lowest few range bins above the surface often exhibit a low bias and
may also exhibit surface contamination [CALIPSO, 2011], we only use positive
aerosol extinction above 180 m of the maximum surface elevation within each grid
cell for the version 1.0 release.
3. Seasonal Variation of Vertical Distribution of Aerosol Properties

In order to characterize the regional difference of aerosol distribution, we choose
13 domains and divide them into 4 groups according to their aerosol regimes (Figure
1). The first group includes South America (SAM, 80-40°W, 25°S-5°N), southern
Africa (SAF, 0-50°E, 25°S-15°N) and Southeast (SE) Asia (SEA, 100-160°E,
15°S-15°N), where biomass burning aerosols dominate; the second group includes
northern Africa (NAF, 15°W-60°E, 15-35°N), West China (WCN, 70-105°E,
31-45°N) and West Australia (WAU, 110-140°E, 15-35°S), which comprise large
desert areas; the third group includes India (IND, 65-90°E, 11-29°N), East China
(ECN, 105-125°E, 21-45°N), West Europe (WEU, 10°W-50°E, 35-59°N) and East
U.S. (EUS, 90-70°W, 25-49°N), where fossil fuel burning and industry generated

aerosols are most common; the fourth group includes Northwest (NW) Pacific (NWP,
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135-170°E, 31-55°N), North Atlantic (NAT, 60-20°W, 25-49°N) and Central
Atlantic (CAT, 40-10°W, 15°S-15°N), which are oceanic regions located downwind
of major dust and industrial pollution sources.
3.1 Biomass burning regime

Figure 2 shows the seasonal aerosol vertical profile of extinction coefficient for
the biomass burning regime areas. In South America, the aerosol extinction profile
generally shows a monotonic decrease pattern from the surface to the upper level
during all seasons, except austral winter (JJA) and spring (SON) season. The
maximum extinction occurs in SON, at ~500 m AMSL, which corresponds to the
strongest biomass burning during this period [Dwyer et al., 2000; van der Werf et al.,
2003; Huang et al., 2012]. Since biomass burning aerosol is the dominant aerosol in
this region, dust extinction is much less than that of all-aerosol at all levels. In
southern Africa, the all-aerosol extinction profile shows two peaks during austral
winter and spring, at ~500 m and 3 km. The lower peak is probably due to the strong
biomass burning during the dry seasons [Dwyer et al., 2000]. During austral fall and
winter, dust extinction appears much closer to all-aerosol extinction above 4 km than
lower levels, suggesting the larger impact of dust in the upper levels. In SE Asia,
aerosol extinction profile does not show much seasonal variation, possibly due to the
little seasonal variation of fire emissions in this region. Moreover, only one peak
occurs near the surface (~500 m) during all seasons, which is different from southern
Africa. Similar to South America, dust contributes little to the all-aerosol extinction.

To characterize the occurrence frequency distribution of different aerosol types,

-10-
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we calculate each aerosol type occurrence frequency by dividing the number of each
aerosol type samples by the total number of CALIPSO measurements (including both
clear air and aerosol) within each vertical layer. The total numbers of aerosol samples
(after data screening) detected by CALIPSO at each layer are shown in the Appendix
figures (Figures A1-A4). Generally, CALIPSO detects more aerosol samples during
nighttime than daytime, especially in the middle-upper troposphere, and there are
fewer aerosol samples detected at high altitudes. Figure 3 shows the vertical profile of
each aerosol type occurrence frequency during each season. In South America, smoke
is the dominant aerosol type detected at 2-8 km during all seasons. During the
strongest biomass burning season (SON), it is also the dominant type detected near
surface (~1 km). Polluted dust, which is intended to represent a mixture of smoke and
dust [Omar et al., 2009], is the dominant aerosol detected at 1-2 km except SON
when polluted continental aerosol dominates. The altitude of smoke occurrence
frequency larger than 0.1% is highest in SON, at ~9 km.

In southern Africa, aerosol occurrence frequency has large seasonal variations.
Smoke dominates above 6 km in nearly all seasons. In MAM, dust is the dominant
aerosol detected from 1 km to 6 km, while polluted dust is the secondary dominant
type. In JJA, dust only prevails from 4 km to 7 km and smoke prevails from 1 km to 4
km. In SON, smoke becomes the dominant aerosol detected from ~2.5 km to the
upper troposphere (~11 km), consistent with the strongest biomass burning during this
period. Dust aerosol occurrence is the lowest compared to other seasons. In DJF,

polluted dust appears as the most prevailing aerosol type detected from near surface to
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6 km, while dust is the secondary type. The complexity of seasonal aerosol type
variation reflects the significant impacts of both biomass burning and desert to the
aerosol composition in this region. In SE Asia, aerosol types show little seasonal
variation. Throughout the year, smoke is the dominant type detected above 4 km, with
a frequency peak of ~0.03 around 4 km in SON. Clean marine aerosol appears to be
the dominant type detected below 4 km, due to large oceanic area in this domain.
Polluted dust is the secondary type at nearly all levels, but its occurrence frequency is
comparable with that of clean marine and smoke detected around 4 km.

To further characterize the vertical distribution of aerosol layer, we also analyzed
the occurrence frequency of the maximum aerosol layer top altitudes detected by
CALIPSO. The results are shown in Figure 4. In South America, the altitude of peak
occurrence frequency of dust aerosol layer top is significantly lower than that of
all-aerosol in nearly all seasons. The altitude of peak occurrence frequency of dust
layer top is ~3 km throughout the year, while that for all-aerosol can be as high as 7
km during wet seasons (DJF and MAM). In southern Africa, the altitude of peak
occurrence frequency of dust layer top is much closer to that of all-aerosol in MAM
and JJA than in other seasons, possibly due to the dominant role of dust in the upper
level aerosol composition. Dust layer top altitude has two frequency peaks in JJA,
with the peak at ~5 km close to the solitary peak of all-aerosol and larger than the
peak at ~1 km, suggesting that dust is detected more at higher level than near surface.
In SE Asia, the occurrence frequency of aerosol layer top altitude shows little seasonal

variation, with a peak altitude at ~7 km for all-aerosol and ~1-2 km for dust. Dust
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appears to be mostly restrained in the boundary layer.

In general, over biomass burning regime areas, smoke is the dominant aerosol
type detected from lower to middle troposphere. Dust contributes little to the
all-aerosol extinction from the surface to the lower troposphere and has lower altitude
of peak occurrence frequency than all-aerosol. However, due to different geographic
location and meteorological conditions, each region also has its unique features. In
South America, the altitude of peak occurrence frequency of all-aerosol layer top is
higher during wet seasons than dry seasons. In southern Africa, dust is a significant
component of the aerosols during MAM and JJA, especially in the upper level. In SE
Asia, both aerosol extinction and types show little seasonal variations, partly due to
the little seasonal variation of aerosol emissions.

3.2 Desert regime

The Sahara, Arabian, Gobi and Taklamakan deserts are among the largest deserts
in the world; the former two are included in the northern Africa domain, and the latter
two are included in the West China domain. The Great Victoria and Great Sandy are
the two largest deserts in Australia and are included in the West Australia domain. The
seasonal vertical profiles of aerosol extinction for these desert regime areas are shown
in Figure 5. In northern Africa, dust extinction profile is highly overlapped with
all-aerosol extinction, especially during MAM and JJA, suggesting the overwhelming
role of dust in the aerosol composition over this region. During DJF, dust contribution
to all-aerosol extinction is weaker than other seasons, particularly above 2 km, and the

extinction decreases more rapidly with altitude. The maximum altitude of dust
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extinction greater than 0.001 km™ is ~7 km in JJA, ~6 km in MAM and SON and ~4.5
km in DJF. The largest extinction near surface occurs in JJA (greater than 0.2 km™). In
West China, the overlap only occurs in MAM, corresponding to the annual heavy dust
storm during boreal spring season [e.g., Husar et al., 2001]. Moreover, aerosol
extinction reaches the largest value near surface (greater than 0.3 km™) also in MAM.
Although aerosol extinction is largest at surface and decreases with altitude, there is a
secondary peak around ~2.5 km during MAM and JJA. Aerosol extinction decreases
more rapidly with altitude during DJF than other seasons. The maximum altitude of
aerosol extinction greater than 0.001 km™is ~7.5 km in MAM and JJA, and ~6-6.5
km in SON and DJF.

In West Australia, the pattern is totally different from the former two regions.
Dust extinction profile is far away from all-aerosol extinction profile, suggesting dust
contributes little to the all-aerosol extinction. The low dust output may be partly
explained by the fact that the continent has relatively low topographical relief, and the
arid regions are old and highly weathered, i.e., fine particles were blown away a long
time ago [Prospero et al., 2002]. Both dust and all-aerosol extinction decrease
monotonically with altitude. The maximum extinction of dust near the surface is less
than 0.01 km™. During MAM and JJA, the maximum altitude of aerosol extinction
greater than 0.001 km™ is ~1-1.5 km lower than that during SON and DJF.

Regarding the aerosol type distribution (Figure 6), the three domains have quite
distinct features. In northern Africa, dust is the dominant aerosol type with occurrence

frequency more than 50% and nearly constant detected from ~1 km to ~4 km during
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all seasons except DJF, and polluted dust is the secondary type. Above 4 km, dust
occurrence frequency decreases rapidly with altitude. The maximum altitude of dust
occurrence frequency larger than 0.1% is 10 km in MAM, 9 km in JJA, 7 km in SON
and DJF. Dust only dominates below 4 km and polluted dust becomes the dominant
type above 4 km in DJF. The occurrence frequency of other aerosol types is negligible
compared with the former two types. In West China, dust occurrence frequency peaks
near the surface and decreases rapidly with altitude in all seasons except MAM.
During MAM, dust occurrence frequency is still larger than 2% and 0.1% detected at
8 km and 11 km, respectively. Similar to northern Africa, polluted dust is the
secondary type, with occurrence frequency comparable to dust in the upper level.
Although smoke is the third dominant type, its occurrence frequency is about one
order of magnitude less than polluted dust. In West Australia, polluted dust is the
dominant type detected form ~1 km to ~5 km and smoke dominates above 5 km in all
seasons except JJA. During JJA, smoke becomes the dominant type above 3 km. The
maximum occurrence frequency of dust is less than 5% in MAM and JJA, and ~10%
near surface in SON and DJF. To some extent, aerosol type occurrence frequency over
this region is similar to some biomass burning areas (e.g., South America).

Figure 7 shows the occurrence frequency of the maximum aerosol layer top
altitudes. In northern Africa, the frequency profiles of dust and all-aerosol are closely
overlapped in MAM and JJA, again suggesting the dominant role of dust. The altitude
of peak frequency is significantly higher in MAM and JJA than the other two seasons.

A remarkable feature is that a secondary all-aerosol frequency peak (greater than 2%)
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occurs at ~18 km only during JJA. This peak suggests an aerosol layer may exist at
the tropopause level, which is presumably associated with the Asian Tropopause
Aerosol Layer (ATAL) as first discovered by Vernier et al. [2011]. In West China,
during the strong dust storm season (MAM), the frequency profile of dust overlaps
with that of all-aerosol. During other seasons, the altitude of dust peak frequency is
slightly lower than that of all-aerosol. Similar to northern Africa, a secondary
all-aerosol frequency peak (~3%) occurs at ~18 km only during JJA. In West Australia,
dust layer occurs most frequently in the boundary layer except in DJF, consistent with
the little fraction of dust in aerosol composition. There are two frequency peaks of
all-aerosol during MAM and JJA, one at ~7 km and the other at ~4 km. During SON
and DJF, the peak frequency of all-aerosol occurs at ~5 km.

In general, over desert regime areas, dust is the dominant aerosol type from the
surface to the middle troposphere, and sometimes can extend to above 8 km. Dust
contributes significantly to the all-aerosol extinction and has nearly the same layer top
altitude of peak occurrence frequency as all-aerosol. However, West Australia is an
exception. Despite the desert and arid surface type, the aerosol characteristics in this
region are closer to the biomass burning regime rather than the desert regime. This is
mainly due to two reasons: first, the continent has relatively low topographical relief,
and the arid regions are old and highly weathered [Prospero et al., 2002]; second,
both northern and southeastern coastal region of Australia have active fire seasons
[Giglio et al., 2006], with substantial emissions of biomass burning generated aerosol.

A notable common feature in northern Africa and West China is a secondary peak
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(2%—-3%) of layer top occurrence frequency of all-aerosol, which occurs at ~18 km
only during JJA, suggesting the existence of an aerosol layer at the tropopause level
during the Asian summer monsoon period.
3.3 Fossil fuel and industry regime

In India, East China, West Europe and East U.S., fossil fuel, biofuel burning and
industry generated aerosols are a major part of the total aerosol loading [Duncan et al.,
2007]. Figure 8 shows the seasonal vertical profiles of aerosol extinction for these
four domains. In India, the extinction profile of dust is close to that of all-aerosol in
MAM and JJA, suggesting the significant contribution of dust which is presumably
transported from the nearby Thar Desert and Arabian Desert. Moreover, dust with
extinction greater than 0.001 km™ can reach as high as 6 km, about 1.5-2.5 km higher
than that in SON and DJF. The maximum extinction occurs at the surface and
decreases with altitude. During JJA, surface aerosol extinction is close to 0.5 km™,
~2-3 times larger than during other seasons. During SON and DJF, aerosol extinction
decreases more rapidly with altitude than during MAM and JJA, and the maximum
extinction occurs slightly above the surface. In East China, dust contribution is much
weaker than in India. During MAM, dust extinction profile is closer to that of
all-aerosol than during other seasons, due to the strong transport of dust from West
China. The shape of all-aerosol extinction profile does not change much throughout
the year, but the maximum altitude of extinction greater than 0.001 km™ has seasonal
change, with the highest altitude at ~7 km in MAM. In West Europe, dust appears to

contribute more to all-aerosol extinction in the upper level than lower level, especially
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in MAM and JJA. The maximum altitude of all-aerosol extinction greater than 0.001
km™ is highest in JJA (~6 km), and lowest in DJF (~4.5 km). In East U.S., dust
extinction profile is far away from that of all-aerosol and decreases rapidly with
altitude. This is not surprising since no big desert is included in this domain or nearby.
The maximum altitude of all-aerosol extinction greater than 0.001 km™ is about 1.5
km higher in MAM and JJA than in other seasons.

The seasonal vertical profile of each aerosol type occurrence frequency is shown
in Figure 9. In India, dust dominates from near surface to as high as 10 km in MAM
and polluted dust is the secondary type; other aerosol types are trivial. In JJA and
SON, the type distribution is complicated because dust, polluted dust and smoke all
play important roles. For example, in SON, polluted dust, dust, and smoke dominate
at 1-3, 3-5.5, 5.5-8 km, respectively. However, smoke always dominates at higher
levels than dust. In DJF, all aerosol types are limited below 6 km. In East China, dust
dominates above 2 km and 3 km in MAM and DJF, respectively, while polluted dust
dominates in the lower level. Dust with occurrence frequency larger than 0.1% can
reach as high as 11 km during MAM. In JJA and SON, similar to India, all three types
are important. However, dust dominates at higher levels than smoke, which is
different from India. In West Europe, dust dominates above 3 km in all seasons except
DJF, but the maximum altitude has seasonal change. The higher occurrence frequency
of smoke above 8 km in JJA and SON may be artificial due to misclassification.
Polluted dust dominates below 3 km in all seasons except DJF. Aerosols are classified

as smoke less often than dust and polluted dust in this region. This could be caused by
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smoke and dust mixing in the lower troposphere and being classified as polluted dust
or could be because smoke does not contribute significantly to total aerosol loading.
During DJF, aerosol occurrence frequency is much less than during other seasons and
mostly limited below 6 km. In East U.S., aerosol classified as polluted dust dominates
in the lower to middle troposphere, and up to 6 km. However, polluted dust can reach
as high as 10 km in MAM and JJA. Smoke prevails above 5 km during JJA and SON.
Dust is detected as the dominant type at 6-8 km and 5-7 km over this region during
MAM and DJF, respectively.

As for the occurrence frequency of the maximum aerosol layer top altitudes, the
four regions have similar patterns (Figure 10). Generally, the altitude of dust
frequency peak is lower than that of all-aerosol. However, there are some exceptions.
During MAM in both India and East China, the altitudes of peak occurrence
frequency for dust and all-aerosol are closely overlapped, due to the overwhelming
dust in the aerosol loading. During MAM and JJA in West Europe, the altitudes of
frequency peak for the two types are also nearly the same, which may be due to the
more significant impact of dust in the upper level than lower level as shown by the
extinction profiles (Figure 8). Similar to northern Africa and West China, a secondary
occurrence frequency peak (2%) of all-aerosol occurs at ~18 km only during JJA over
India and East China, again suggesting the existence of a tropopause aerosol layer
only during this season.

In general, over fossil fuel and industry regime areas, the dominant aerosol types

include polluted dust, smoke and dust, with each type dominating at different levels.
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The dominant aerosol types also have large geographical and seasonal variation. Dust
contribution to the all-aerosol extinction is highly dependent on the location and
season. If big desert areas are included in the domain or nearby, dust can play an
important role during some specific periods (e.g., MAM in India and East China).
During other periods, dust has little impact on the all-aerosol extinction and has lower
altitude of peak occurrence frequency than all-aerosol. A notable common feature
again shows up in India and East China, i.e., a distinct secondary layer top frequency
peak of all-aerosol occurs at ~18 km only during JJA.
3.4 Oceanic regime

Oceans serve as a significant source of gaseous and aerosol emissions, due to
their coverage of more than 2/3 of the earth surface. The emissions from ocean could
mix with ship and continental emissions and form a complicated mixture of marine
aerosol particles. Thus, the sources and properties of marine aerosols can be affected
by ocean emissions, ship exhaust, and transported continental emissions [Sorooshian
and Duong, 2010]. Here we choose three oceanic regions and their seasonal vertical
profiles of aerosol extinction are shown in Figure 11. Over NW Pacific, dust
contributes little to the all-aerosol extinction throughout the year. However, dust still
has some impact in the boundary layer during JJA, with dust extinction decreasing
rapidly with altitude. The maximum altitude of extinction greater than 0.001 km™ is
highest in MAM, ~6 km for dust and ~8 km for all-aerosol. This is consistent with the
well-known trans-Pacific transport of dust at 4-6 km during this period [e.g., Husar et

al., 2001; Eguchi et al., 2009]. During other seasons, dust is mostly restrained in the
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lower troposphere and has local impact. Over North Atlantic, the seasonal pattern of
all-aerosol is similar to that over NW Pacific except the maximum altitude of
extinction greater than 0.001 km™ is much lower. The maximum altitude is ~5.5 km in
MAM and JJA, and ~4.5 km in SON and DJF. As for dust, the maximum altitude is
highest in JJA (=5 km). Over Central Atlantic, dust impact is much larger than the
former two regions, especially during MAM and JJA. In both seasons, the extinction
profile of dust is much closer to that of all-aerosol in the upper level than lower level,
suggesting the larger impact of transported Saharan desert dust in the upper level.
During other seasons, dust impact is much smaller. The maximum altitude of
extinction greater than 0.001 km™ is highest in JIA, ~6 km for both dust and
all-aerosol.

The seasonal vertical profile of each aerosol type occurrence frequency is shown
in Figure 12. Over NW Pacific, clean marine is the dominant type from the surface up
to 3 km in nearly all seasons. Polluted dust dominated from ~1 km to 4 km and dust
dominated at 4-9 km in MAM. Smoke plays an important role above 3 km in JJA and
SON, although polluted dust has a comparable frequency below 8 km. The relatively
high occurrence frequency of smoke in the middle-upper troposphere could be due to
transport of fire generated aerosols in Eurasia during April — September across the
NW Pacific [e.g., Dwyer et al., 2000; Damoah et al., 2004]. During DJF, dust
becomes important again, dominating from 5 km to 9 km. Over North Atlantic, dust is
the dominant type at 2.5-4.5 km during JJA and SON, while smoke dominates above

4.5 km. In MAM, dust and polluted dust are the dominant types and have comparable
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occurrence frequency detected above 3 km; while in DJF, smoke becomes the
dominant type above 3 km. Over Central Atlantic, dust is the dominant type only in
MAM and JJA at 2-6 km, consistent with its large impact on the all-aerosol extinction.
Smoke always dominates above 6 km in all seasons, and its dominance can extend
downwards to 3 km in SON. Polluted dust is the dominant type detected at 2-5 km in
DJF, but is classified less often in other seasons.

Regarding the occurrence frequency of the maximum aerosol layer top altitude,
the four oceanic regions have similar patterns (Figure 13). The altitude of dust
frequency peak is lower than that of all-aerosol throughout the year. However,
exceptions appear in DJF over NW Pacific and in MAM/JJA over Central Atlantic.
The altitudes of frequency peak for dust and all-aerosol are nearly the same in these
exceptional cases, presumably due to the dominant role of dust in the aerosol loading
as shown in Figure 12. Over NW Pacific, the altitudes of frequency peak for dust and
all-aerosol are the highest in MAM, above 5 km. This is consistent with the extinction
profile as shown in Figure 11. During other seasons, dust layer appears to be limited
within the boundary layer and lower troposphere.

In general, over oceanic regime areas, the dominant aerosol types include clean
marine, dust, polluted dust and smoke; clean marine is the dominant type near ocean
surface, while the other three types have large geographical and seasonal variations,
as discussed in the context above. Dust contribution to the all-aerosol extinction is
small or only limited to the upper level. Dust layer top has lower altitude of peak

occurrence frequency than that of all-aerosol. Two exceptions are NW Pacific in
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MAM and Central Pacific in MAM/JJA. The former is related to the strong
trans-Pacific transport of dust in the middle-upper troposphere from Asia, and the
latter is associated with dust output from the nearby Sahara Desert.
4. Diurnal Variation of Vertical Distribution of Aerosol Properties

The CALIPSO measurements are divided into daytime and nighttime periods,
providing an opportunity for us to evaluate aerosol diurnal variability. However it is
important to recognize that two phenomena are observed by CALIPSO level 3 data,
natural diurnal variability and artificial diurnal variability due to differences in layer
detection and type classification at daytime relative to nighttime. The CALIPSO
signal is noisier during the daytime causing some optically thin layers to go
undetected that would have otherwise been detected at nighttime. Aerosol typing is
also affected because depolarization, a ratio of two noisy numbers, is used to
discriminate between aerosol types. Increased noise may generate a different aerosol
type classification during the daytime than if the layer was classified at nighttime.
Since there is a statistical difference in daytime versus nighttime layer detection
sensitivity, level 3 averaging tends to elucidate artificial diurnal variability. In the
discussion that follows, observations that are consistent with natural diurnal
variability are noted, though more work is necessary to determine if artificial diurnal
variability as discussed above is the dominant factor.

We have analyzed the differences of aerosol extinction, occurrence frequency of
aerosol type and layer top altitude between daytime and nighttime, and the results

show little seasonal variation. Thus, in the following discussion, we only choose JJA
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season to illustrate the diurnal variation of detected aerosol properties. The differences
are calculated as nighttime minus daytime measurements.

Biomass burning regime (Figure 14): the positive values of all-aerosol
extinction difference suggest larger extinction during nighttime. However, the altitude
of difference peak is dependent on region. In South America, the difference peaks
near surface and decreases with altitude. In southern Africa, the difference peaks at ~3
km. In SE Asia, the difference peaks at ~1.5 km and changes sign below 1 km. Dust
extinction shows much smaller diurnal difference compared with all-aerosol.
Generally, smoke and polluted continental aerosols are detected more frequently
during nighttime in the lower troposphere, while polluted dust is detected less
frequently below 1 km. In South America, polluted dust has a higher occurrence
frequency detected at 1-3 km during nighttime. In southern Africa and SE Asia, clean
marine aerosol is detected more frequently from the surface to ~4 km during
nighttime. Regarding the occurrence frequency of the maximum aerosol layer top
altitude, during nighttime aerosol layer top is observed at high altitudes more
frequently than during daytime. Both dust and all-aerosol shows this diurnal variation,
although dust variability is much smaller than all-aerosol. One exception is in
southern Africa, where dust layer top also shows a higher occurrence frequency in the
boundary layer and dust variability is comparable to that of all-aerosol. The higher
occurrence frequency of aerosol layer top at high altitudes during nighttime may be
due to two reasons: first, also the main reason, sunlight adds noise to the lidar signal,

reducing the layer detection sensitivity at daytime; CALIPSO lidar has better SNR
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and higher feature detection sensitivity at nighttime than daytime [Winker et al., 2006],
thus CALIPSO could detect more aerosols at high altitudes. Second, CALIPSO flies
in a sun-synchronous orbit, with 01:30 and 13:30 local time for crossing the equator,
thus the measurements are in the early afternoon and after midnight. Numerous
observations have shown that over land the diurnal maxima of deep convection and
precipitation occur frequently in the late afternoon or early evening [e.g., Dai et al.,
1999; Soden, 2000; Dai, 2001; Nesbitt and Zipser, 2003]. Deep convective activity
may transport aerosols to higher altitudes, which could also lead to a higher
occurrence frequency of aerosols at high altitudes detected by CALIPSO during
nighttime than daytime.

Desert regime (Figure 15): one distinct feature is that the diurnal extinction
difference profiles of dust and all-aerosol are overlapped except in West Australia.
This is due to the dominant role of dust in the aerosol composition. Aerosol extinction
is slightly larger near surface during nighttime than daytime. In West Australia, dust
extinction shows little diurnal variation above the boundary layer. Aerosols are
classified as dust and polluted dust more often at nearly all levels during nighttime,
while other aerosol types are observed to have little diurnal variation, in northern
Africa and West China. The diurnal difference of dust is detected about 2-3 times
larger than that of polluted dust. In West Australia, polluted dust, polluted continental
and clean marine aerosols are detected more frequently from ~0.5 km to 2.5 km
during nighttime, while dust and other types are observed to have little diurnal

variation. Similar to biomass burning areas, the occurrence frequency of the

-25-



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

maximum aerosol layer top altitude is detected larger at high altitudes during
nighttime. It is worthwhile to point out the positive diurnal differences of all-aerosol
around 18 km in northern Africa and West China are detected only during JJA, but are
not detected in other seasons (not shown). This suggests that the aerosol layer which
only occurs in JJA may be optically thin because it is not detected during daytime.
Fossil fuel and industry regime (Figure 16): all-aerosol extinction is larger
during nighttime at almost all levels in India and West Europe, detected at 2-6 km in
East U.S. and at 1-6 km in East China. However, all-aerosol extinction is smaller
during nighttime detected below 2 km in India during other seasons (not shown). Dust
extinction has much smaller diurnal variation than all-aerosol, except in India and
East U.S. during MAM (not shown) and JJA. The difference profile of dust extinction
is closely overlapped with that of all-aerosol in India, owing to the dominance of dust
during MAM and JJA; during the same period, the difference of dust extinction is
closely overlapped with that of all-aerosol below 2 km in East U.S. As for the
difference of aerosol type occurrence frequency, smoke and polluted dust are detected
more frequently during nighttime at almost all levels except in East China. However,
other aerosol types have large geographical difference. In India, dust is detected more
frequently below 2 km and above 4 km and less frequently at 2—4 km during
nighttime. In East China, both dust and polluted dust are detected less frequently,
while polluted continental and clean marine aerosols are detected more frequently,
below 2.5 km. Dust is detected more frequently at all levels during nighttime in West

Europe, while it has little diurnal variation in East U.S. Similarly, the occurrence
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frequency of the maximum aerosol layer top altitude is larger at high altitudes during
nighttime, with larger diurnal difference of all-aerosol than dust. However, dust layers
are also detected slightly more frequently within the boundary layer during nighttime.
Similar to northern Africa and West China, positive diurnal differences of all-aerosol
around 18 km in India and East China are only detected during JJA, but are not
detected in other seasons (not shown).

Oceanic regime (Figure 17): dust extinction is larger below 2 km at nighttime
than daytime, with the maximum diurnal difference detected at the surface. This may
be partly due to the effect of land-sea breeze, which is a well-known meteorological
phenomenon [Miller et al., 2003] caused by the temperature differences between the
sea and the land near the coast. The extinction of all-aerosol is larger during nighttime
at all levels over NW Pacific and above 1 km over North Atlantic and Central Atlantic.
Polluted continental and clean marine aerosols are detected more frequently below 4
km, while polluted dust is detected less frequently below 1 km over all the oceanic
regions. Over NW Pacific and Central Atlantic, both polluted dust and smoke are
detected more frequently above 1 km during nighttime. Over North Atlantic, smoke
does not show much diurnal variation. The occurrence frequency of the maximum
aerosol layer top altitude is larger at high altitudes during nighttime, with larger
diurnal difference of all-aerosol than dust. One exception is over Central Atlantic,
where dust layer is also detected more frequently above surface (2-3 km) during
nighttime. Positive diurnal differences of all-aerosol around 18 km are only obvious

over NW Pacific during JJA.
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5. Summary and Conclusions

We have performed a statistical analysis of seasonal vertical distributions of
aerosol properties, including extinction coefficient, aerosol type and layer top altitude,
based on CALIPSO lidar measurements at 532 nm during nighttime from March 2007
to February 2012. The diurnal variations (differences between nighttime and daytime
measurements) of aerosol properties are also discussed. We selected 13 domains and
categorized them into 4 groups according to their surface aerosol emission regimes.
The regional and seasonal variations of vertical distribution of aerosol properties are
summarized as follows:

Biomass burning regime: Smoke is the dominant aerosol type detected from the
lower to the middle troposphere. Dust contributes little to all-aerosol extinction from
the surface to the lower troposphere. Dust layer top has lower altitude of peak
occurrence frequency than that of all-aerosol. In South America, the altitude of peak
occurrence frequency of dust layer top is 3 km throughout the year, while that of
all-aerosol can reach 7 km during wet seasons. In southern Africa, the all-aerosol
extinction profile shows two peaks, at ~500 m and 3 km in JJA and SON. During
MAM and JJA, dust has larger impact to all-aerosol extinction above 4 km than lower
levels. Aerosol type occurrence frequency has large seasonal variations in this region.
The altitude of peak occurrence frequency of dust layer top is nearly the same as that
of all-aerosol in MAM and JJA. In SE Asia, aerosol properties do not show much
seasonal variation, possibly due to the little seasonal variations of biomass burning in

this region. Throughout the year, clean marine aerosol is the dominant type detected
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below 4 km. The altitude of peak occurrence frequency of aerosol layer top is ~7 km
for all-aerosol and ~1-2 km for dust.

Desert regime: Dust is the dominant type detected from the surface to the middle
troposphere, and sometimes can extend to above 8 km. Dust contributes significantly
to all-aerosol extinction at nearly all levels. Dust layer top has nearly the same altitude
of peak occurrence frequency as all-aerosol. However, West Australia is an exception.
The detected aerosol characteristics in this region are more close to biomass burning
regime rather than desert regime. A notable common feature in northern Africa and
West China is a secondary peak of layer top occurrence frequency of all-aerosol,
which is detected at ~18 km only during JJA, suggesting the existence of an aerosol
layer at the tropopause level during the Asian summer monsoon period. In northern
Africa, The largest extinction near the surface is detected in JJA. Dust is the dominant
type with a constant occurrence frequency more than 50% detected at ~1-4 km during
all seasons except DJF. In West China, the overlap of dust and all-aerosol extinction
profile only occurs in MAM. There is a secondary peak of dust extinction detected
around 2.5 km during MAM and JJA. During MAM, dust can reach as high as 11 km
and the altitude of dust layer top peak frequency is the same as that of all-aerosol.

Fossil fuel and industry regime: The dominant aerosol types detected include
polluted dust, smoke and dust, with each type dominating at different levels. The
dominant aerosol types also have large geographical and seasonal variation. Dust
contribution to all-aerosol extinction is highly dependent on the location and season.

If big desert areas are included in the domain or nearby, dust can play an important
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role during some specific periods. During other periods, dust has little impact on the
all-aerosol extinction and dust layer top has lower altitude of peak occurrence
frequency than that of all-aerosol. A notable feature is also detected in India and East
China, i.e., a distinct secondary peak of all-aerosol layer top occurrence frequency at
~18 km only during JJA. In India, the extinction profile of dust is close to that of
all-aerosol in MAM and JJA, and dust reaches higher altitude than in other seasons.
Dust is the most often detected type from near surface to as high as 10 km in MAM.
In East China, dust extinction profile is close to that of all-aerosol only in MAM. Dust
is detected as the dominant type above 2 km and 3 km in MAM and DJF, respectively,
and can reach as high as 11 km during MAM. In West Europe, dust is detected to
contribute more to all-aerosol extinction in the upper level than lower level during
MAM and JJA. Dust (polluted dust) is detected predominantly above (below) 3 km in
nearly all seasons. Aerosols are classified as smoke less often than dust and polluted
dust in this region. In East U.S., dust contributes little to all-aerosol extinction.
Polluted dust is detected predominantly in the lower to middle troposphere, and can
reach as high as 10 km in MAM and JJA. Smoke is detected predominantly above 5
km during JJA and SON.

Oceanic regime: The dominant aerosol types detected include clean marine, dust,
polluted dust and smoke; clean marine dominates near ocean surface, while the other
three types have large geographical and seasonal variations. Dust contribution to
all-aerosol extinction is small or only limited to the upper level. Dust layer top has

lower altitude of peak occurrence frequency than that of all-aerosol. Two exceptions
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are NW Pacific in MAM and Central Pacific in MAM/JJA. The former is related to
the strong trans-Pacific transport of dust in the middle-upper troposphere from Asia,
and the latter is associated with dust output from the nearby Sahara Desert. Over NW
Pacific, polluted dust is detected as the dominant type from ~1 km to 4 km and dust
dominates at 4-9 km in MAM. Smoke plays an important role above 3 km in JJA and
SON. During DJF, dust becomes the dominant type detected from 5 km to 9 km. Over
North Atlantic, dust is the dominant type detected at 2.5-4.5 km during JJA and SON,
while smoke dominates above 4.5 km. In MAM, dust and polluted dust are the
dominant types detected above 3 km; while in DJF, smoke becomes the dominant type
detected above 3 km. Over Central Atlantic, the extinction profile of dust is much
closer to that of all-aerosol in the upper level than lower level during MAM and JJA.
Dust is detected as the dominant type only in MAM and JJA at 2-6 km. Smoke is
detected most often above 6 km in all seasons, and its dominance can extend
downwards to 3 km in SON.

In general, the nighttime minus daytime differences of aerosol properties do not
show much seasonal variation except a few cases. Within the same aerosol regime, the
diurnal variation is similar. The all-aerosol extinction is larger during nighttime, while
dust extinction shows little diurnal variation except when dust dominates in the
aerosol composition. Smoke is detected more frequently from lower to middle
troposphere. Clean marine and polluted continental (polluted dust) aerosols are
detected more (less) frequently in the lower troposphere, during nighttime than

daytime. Aerosol layer top is detected at high altitudes more frequently during
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nighttime. Dust layer top shows much smaller diurnal variation than all-aerosol, and
could be detected slightly more frequently near surface during nighttime.

Several sources of uncertainty exist in CALIPSO measurements and aerosol
property retrievals. Although CALIPSO level 3 quality screening algorithms are
designed to reduce some of these issues, they none-the-less can still occur. Currently
the CALIPSO science team cautions level 3 data users against physical interpretation
of near-surface aerosol extinction (within 180 m of the local surface) which may be
compromised by surface contamination errors [CALIPSO, 2011]. The analyses in this
paper ignore samples within 180 m of the maximum surface elevation in attempts to
remove these errors, though we still suggest treating extinction reported in the lowest
range bin with caution. Daytime signals can be affected by background sunlight,
reducing SNR and feature detection sensitivity, especially in the upper level.
Therefore, aerosol extinction in the upper troposphere is underestimated in the level 3
data product due to misdetection of optically thin aerosol. This not only impacts mean
aerosol extinction profiles at higher altitudes shown in this paper, but also impacts
diurnal comparisons of the occurrence frequency of aerosol type and maximum layer
top altitude. An important contributor to uncertainty in CALIPSO level 3 aerosol
extinction statistics is the assumed lidar ratios adopted for the various aerosol
subtypes. Lidar ratio typically varies by about 30% for a given aerosol type and
different type has different magnitude of variability [Omar et al., 2009; Yu et al.,
2010]. Incorrect aerosol type classification can affect level 3 mean aerosol extinction.

For example, if a feature that is actually smoke is misclassified as clean marine, the
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extinction will be too small by over a factor of three! However, the frequency of
aerosol type misclassification and its impact on level 3 aerosol extinction has not been
quantified and is currently under investigation.

The version 1.0 level 3 aerosol profile product is a beta release, which means it
has not been validated and contains both known and unknown artifacts [CALIPSO,
2011]. Our analyses of this beta release suggest that the aerosol seasonal and diurnal
distributions look qualitatively reasonable in most regions in terms of extinction
coefficient, aerosol type and layer top vertical distribution. More dedicated efforts of
improving CALIPSO retrieval algorithms are needed to produce aerosol extinction

profiles with much improved quality in the future.

Appendix A: Number of Aerosol Samples
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Figure Captions

Figure 1. Thirteen domains selected for regional analysis in this study. Red boxes
indicate biomass burning regime areas (South America, southern Africa and Southeast
Asia), green boxes indicate desert regime areas (northern Africa, West China and West
Australia), blue boxes indicate fossil fuel and industry regime areas (India, East China,
West Europe and East U.S.), and purple boxes indicate oceanic regime areas
(Northwest Pacific, North Atlantic and Central Atlantic). See text for the latitude and
longitude range of each domain.

Figure 2. Profiles of seasonal average aerosol extinction coefficient (km™) from
5-year CALIPSO observations over (left) South America, (middle) southern Africa,
and (right) Southeast Asia. From top to bottom are seasonal averages for boreal spring
(MAM), summer (JJA), fall (SON) and winter (DJF), respectively. The red curve
represents all aerosols (regardless of type), and the blue curve represents dust aerosol
only.

Figure 3. Seasonal occurrence frequency profile of each aerosol type from 5-year
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CALIPSO observations over (left) South America, (middle) southern Africa, and
(right) Southeast Asia. From top to bottom are seasonal statistics for boreal spring
(MAM), summer (JJA), fall (SON) and winter (DJF), respectively. Different color
represents for different aerosol type, i.e., clean marine (light green), dust (dark
orange), polluted continental (slate blue), clean continental (magenta), polluted dust
(green), smoke (orange).

Figure 4. Seasonal occurrence frequency of maximum aerosol layer top altitudes
from 5-year CALIPSO observations over (left) South America, (middle) southern
Africa, and (right) Southeast Asia. From top to bottom are seasonal statistics for
boreal spring (MAM), summer (JJA), fall (SON) and winter (DJF), respectively. The
red curve represents all aerosols (regardless of type) that are included in the statistics,
and the blue curve represents dust aerosol only. The numbers in each panel indicate
the total number of samples for all aerosols (red) and dust aerosol only (blue).

Figure 5. Same as Figure 2, but over (left) northern Africa, (middle) West China, and
(right) West Australia.

Figure 6. Same as Figure 3, but over (left) northern Africa, (middle) West China, and
(right) West Australia.

Figure 7. Same as Figure 4, but over (left) northern Africa, (middle) West China, and
(right) West Australia.

Figure 8. Same as Figure 2, but over (left) India, (second column from left) East
China, (third column from left) West Europe and (right) East U.S.

Figure 9. Same as Figure 3, but over (left) India, (second column from left) East
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China, (third column from left) West Europe and (right) East U.S.

Figure 10. Same as Figure 4, but over (left) India, (second column from left) East
China, (third column from left) West Europe and (right) East U.S.

Figure 11. Same as Figure 2, but over (left) Northwest Pacific, (middle) North
Atlantic, and (right) Central Atlantic.

Figure 12. Same as Figure 3, but over (left) Northwest Pacific, (middle) North
Atlantic, and (right) Central Atlantic.

Figure 13. Same as Figure 4, but over (left) Northwest Pacific, (middle) North
Atlantic, and (right) Central Atlantic.

Figure 14. Diurnal variation (nighttime minus daytime measurements) of: (top panel)
profiles of seasonal average aerosol extinction coefficient (km™), (middle panel)
occurrence frequency profile of each aerosol type, (bottom panel) occurrence
frequency of maximum aerosol layer top altitudes, during JJA over (left) South
America, (middle) southern Africa, and (right) Southeast Asia. In the top and bottom
panels, the red curve represents all aerosols (regardless of type), and the blue curve
represents dust aerosol only. In the middle panel, different color represents for
different aerosol type, i.e., clean marine (light green), dust (dark orange), polluted
continental (slate blue), clean continental (magenta), polluted dust (green), smoke
(orange).

Figure 15. Same as Figure 14, but over (left) northern Africa, (middle) West China,
and (right) West Australia.

Figure 16. Same as Figure 14, but over (left) India, (second column from left) East
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China, (third column from left) West Europe and (right) East U.S.

Figure 17. Same as Figure 14, but over (left) Northwest Pacific, (middle) North
Atlantic, and (right) Central Atlantic.

Figure Al. Vertical profiles of 5-year total number of aerosol samples detected by
CALIPSO over (left) South America, (middle) southern Africa, and (right) Southeast
Asia. From top to bottom are seasonal total numbers for boreal spring (MAM),
summer (JJA), fall (SON) and winter (DJF), respectively. The red curve represents
daytime observations, and the blue curve represents nighttime observations.

Figure A2. Same as Figure Al, but over (left) northern Africa, (middle) West China,
and (right) West Australia.

Figure A3. Same as Figure Al, but over (left) India, (second column from left) East
China, (third column from left) West Europe and (right) East U.S.

Figure A4. Same as Figure Al, but over (left) Northwest Pacific, (middle) North

Atlantic, and (right) Central Atlantic.
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